Background: Developments in high-throughput genomic technologies have led to improved understanding of the molecular underpinnings of esophageal squamous cell carcinoma (ESCC). However, there is currently no model that combines the clinical features and gene expression signatures to predict outcomes. Methods: We obtained data from the GSE53625 database of Chinese ESCC patients who had undergone surgical treatment. The R packages, Limma and WGCNA, were used to identify and construct a co-expression network of differentially expressed genes, respectively. The Cox regression model was used, and a nomogram prediction model was constructed. Results: A total of 3654 differentially expressed genes were identified. Bioinformatics enrichment analysis was conducted. Multivariate analysis of the clinical cohort revealed that age and adjuvant therapy were independent factors for survival, and these were entered into the clinical nomogram. After integrating the gene expression profiles, we identified a "2-gene score" associated with overall survival. The combinational model is composed of clinical data and gene expression profiles. The C-index of the combined nomogram for predicting survival was statistically higher than the clinical nomogram. The calibration curve revealed that the combined nomogram and actual observation showed better prediction accuracy than the clinical nomogram alone. Conclusions: The integration of gene expression signatures and clinical variables produced a predictive model for ESCC that performed better than those based exclusively on clinical variables. This approach may provide a novel prediction model for ESCC patients after surgery.
Introduction
Esophageal cancer is the sixth leading cause of death globally; the two major subtypes are esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma. 1, 2 According to epidemiological and biological analysis, ESCC accounts for almost 90% of esophageal cancer cases worldwide, and is prevalent in East Asia, East Africa, and South America. Esophageal adenocarcinoma is more common in the Americas, Europe, and Australia. 2, 3 The primary treatment for patients with esophageal cancer includes chemotherapy, chemoradiotherapy, and/or surgical resection. 4 Although the incidence of esophageal cancer is declining in most parts of the world, the five-year survival rate remains < 20%. [5] [6] [7] One of the major treatment challenges is the lack of accurate prediction of patient survival, which may lead to the inappropriate treatment prescription. The gold standard for prognostication in oncology remains the tumor node metastasis (TNM) staging system, which states that solid tumors first spread from the primary site to the lymphatic system and then to distant organs. 8 However, the TNM system has some limitations when used in a clinical setting. 9 TNM staging can only incorporate tumors, nodes, or metastasis as categorical variables, not continuous variables, which complicates the determination of individual patient prognosis. The TNM system also cannot incorporate other variables that govern prognosis, such as genome or transcriptome differences. Patients classified in the same stage may have variable outcomes. Thus, the development of a more advanced method to predict prognosis based on patient and disease characteristics is necessary.
With the development of high throughput sequencing, it is now possible to screen the genomic, epigenetic, or proteomic characteristics of esophageal cancer, which leads to a better understanding of esophageal cancer biology to improve patient care. 10, 11 Jang et al. developed a robust prediction model for recurrence based on an analysis of the expression profile data of small non-coding RNAs (sncRNAs) from 108 fresh frozen ESCC specimens. They identified that the expression of three different sncRNAs was associated with recurrence-free survival. 12 Qin et al. sequenced 10 whole-genome and 57 wholeexome matched tumor-normal ESCC sample pairs, and found that the amplification of somatic copy number alterations (SCNAs) in several miRNA genes was significantly associated with survival. 13 In recent years, long non-coding RNA (lncRNA), which is a type of RNA molecule > 200 nucleotides with a lack of protein-coding capacity, has emerged as a new star in the field of oncology. [14] [15] [16] Wu et al. identified that lincRNA-uc002yug.2 may serve as a predictor for esophageal cancer and prognosis. 17 However, a prediction model that combines clinical data and gene expression profiles associated with overall or recurrence-free survival is lacking.
Nowadays, nomograms are widely used as prognostic devices in oncology and medicine, which integrate various prognostic and determinant variables for individual patients. [18] [19] [20] In this manuscript, we used clinical and gene expression profiles from the Gene Expression Omnibus (GEO, GSE53625) to analyze the different protein-coding and long non-coding genes, respectively. Using the coefficient and regression formula of the multivariate Cox model, we identified several clinical variables and "2-gene score" (lncRNA) associated with survival duration. Based on the clinical variables and the "2-gene score," we constructed a nomogram to predict prognosis. The accuracy of this prediction model was higher than in a model based on clinical variables alone. This model incorporated molecular and clinical/pathological prognostic markers and may refine prognosis assessment.
Methods

Data sources and bioinformatics
The GSE53625gene expression profiles were obtained from GEO (https://www.ncbi.nlm.nih.gov), and included 179 paired tumor-normal matched samples from ESCC patients treated by resection. The platform of this microarray GPL18109, which incorporates lncRNA and messenger RNA (mRNA) 
Results
Clinicopathologic characteristics of patients with esophageal squamous cell carcinoma (ESCC)
A total of 179 patients with ESCC were included in the study. The clinical data and gene expression profiles associated with these patients were obtained from the GEO datasets in GSE53625. The baseline characteristics of these patients are listed in Table 1 . Approximately half of the patients were aged over 60 years and over 80% were male. More than half of the patients had a history of alcohol consumption and smoking. The tumor was located in the middle esophagus in over half of the patients. The tumor grade was moderate in 54.7% of patients. The percentage of patients in TNM stages I, II, and III were 5.59%, 43.0%, and 51.4%, respectively. A few of the patients suffered from arrhythmia pneumonia and anastomotic leaks. Based on research and the clinical data, patients can benefit from adjuvant therapy.
Comprehensive analysis of the differentially expressed protein-coding genes
To identify potential esophageal cancer-related genes, we used the Limma package of R software to analyze the different transcriptional genes, based on GSE53625 array data. Fold changes > 2 and adjusted P values of < 0.05 were set to filter different genes. A total of 3654 different protein-coding and long non-coding genes were identified (Fig 1a) . Among these genes, 3205 coding genes were significantly expressed (Fig 1b) , of which 1311 were upregulated in tumors, while 1894 were downregulated (Appendix S1 and S2). We used GO and KEGG pathway analysis (DAVID Bioinformatics Resources 6.8) to explore the main function of differentially expressed proteincoding genes. 21 As shown in Figure 1c , the process related to epidermis development, epithelial cell differentiation, ectoderm development, and epithelium development ranked highest in the enrichment analysis of the GO Biological Process. Extracellular matrix (ECM)-receptor interaction, focal adhesion, and cell cycle achieved the highest scores in KEGG pathway enrichment analysis (Fig 1d) . These results indicated that epithelial cell differentiation, ECM-receptor interaction, focal adhesion, and cell cycle may play important roles in the progression of ESCC, which is consistent with previous reports. Comprehensive analysis of the differential non-coding genes Based on the array data, we also identified 449 differentially expressed non-coding genes (Fig 2a) . When comparing the expression profiles of the tumor specimens and matched normal samples, 224 non-coding genes were upregulated and 225 were downregulated (Appendix S3 and S4). According to the non-coding RNA database classification, 24 we observed that over 60% of differential non-coding RNAs were long intergenic non-coding RNAs (lincRNAs) (Fig 2b) . The antisense, pseudogene, and processed transcript lincRNAs accounted for 17.1%, 10.2%, and 9.80%, respectively. Increasing evidence shows that lncRNAs play vital roles in cancer processes, which emphasizes the need for investigation of lncRNA function. Methods based on the construction of a coding-non-coding co-expression network have been widely used to predict the probable functions of lncRNAs. 25, 26 According to this theoretical coding-non-coding co-expression network, we constructed a network between the differential proteincoding genes and the differential non-coding genes to facilitate the prediction of lncRNAs (Fig 2c) ; 386 coding genes and 79 lncRNAs were implicated in this prediction model (Appendix S5 and S6). Using highly related coding genes based on GO Biological Process enrichment analysis, we observed that lncRNAs may play important roles in the progresses associated with peptide cross-link, keratinization, and nucleosome assembly (Fig 2d) . (Table 2 ). We observed that age, tumor grade, invasion of adjacent structures, lymphatic metastasis, TNM stage, and adjuvant therapy were prognostic factors (all P < 0.05). TNM stage had a high correlation with adjacent structures and lymphatic metastasis, thus invasion of adjacent structures and lymphatic metastasis were entered into multivariate analysis. As shown in Figure 3a (left; Table 2 ), age (hazard ratio [HR] 1.575, 95% CI 1.006-2.467; P = 0.047) and adjuvant therapy (HR 0.520, 95% CI 0.289-0.934; P = 0.029) were independent prognostic factors. Because TNM stage is considered the gold standard for prognostication in clinical practice, 8 TNM stage was therefore included in all subsequent analyses. We Figure 3b (left), patients in the low-risk group survived longer compared to those in the high-risk group (P < 0.0001). We also estimated the specificity and sensitivity of variable_1 using an ROC curve. The area under the ROC (AUC) of this new variable was 0.717.
Univariate and multivariate analyses of
We also constructed a novel Cox model based on the clinical features and gene expression profiles associated with patient survival. An increasing amount of research has indicated that lncRNAs are closely correlated with prognosis. We estimated lncRNAs as the candidate genes in univariable analyses. As shown in Table 3 , we distinguished 31 lncRNAs as prognostic factors. Incorporating these candidate lncRNAs into the variables of . We also estimated the predictive ability of variable_2. As shown in Figure 3b (right) , patients in the highrisk cohort had poorer long-term prognosis. The AUC of ROC allowed us to estimate the specificity and sensitivity of variable_2. As shown in Figure 3c , the AUC of variable_2 was 0.769, higher than that of variable_1, indicating that the combination of clinical features and gene expression patterns is a more accurate predictor than clinicopathologic characteristics alone.
Construction of a novel nomogram to predict survival in ESCC patients
To further assess the predictive ability of the novel Cox model, we built a nomogram using the rms package (R statistical software, R Foundation). Figure 4a shows the prognostic nomogram integrating all of the significant independent factors for overall survival in the clinical cohort. The nomogram illustrated shows the contribution of each variable to predict tumor-related death at three or five years. The C-index, reflecting the predictive ability of the nomogram, was 0.639 (95% CI 0.577-0.701). The calibration plot for the probability of survival at three or five years after surgery showed moderate agreement between the predictions made by the nomogram and actual observations (Fig 4b) . To develop a composite prognostic predictor, we assembled the 2-genes, the independent prognostic factors, and clinical variables in the overall series of ESCC patients, including age, adjuvant therapy, TNM stage, and the 2-gene score (Fig 4c) . The C-index of this new nomogram was 0.699 (95% CI 0.640-0.758), which was statistically higher than that of the clinical cohort (P < 0.05). The calibration plot for the probability of survival at three or five years showed greater agreement than that of the previous nomogram (Fig 4d) . These results indicated that incorporating a 2-gene score into the clinicopathologic variables improved the prognostic accuracy of survival in ESCC patients after surgery.
Discussion
Population-based studies have shown that esophageal cancer is predominant in men aged ≥ 60 years, many of whom also have a history of heavy tobacco and alcohol use. 27 China has a high-incidence of ESCC, the most common histological subtype of esophageal cancer. 5, 28 The mean ESCC male to female ratio is 3:1. 4, 29, 30 Based on these epidemiological characteristics, we chose patients in the GSE53625 dataset, which represents features of ESCC.
In this study, we investigated coding and non-coding gene expression profiles in ESCC by re-annotating the microarray probe sets of Agilent-038314 CBC Homo sapiens. Through differential expression, GO, and KEGG pathway enrichment analysis, we observed that epithelial cell differentiation, ECM-receptor interaction, and cell cycle may play important roles in the development and progression of ESCC. A previous study showed that cell cycle regulators, such as CCND1, CCNE1, CDK6, or RB1, are frequently altered in ESCC via distinct mechanisms. 31 Dysregulated pathways, which are of therapeutic interest in ESCC, include receptor tyrosine kinase signaling, chromatin remodeling, and embryonic pathways. 32 Our observations are consistent with these results.
LncRNA, a new star in the field of oncology, also has been widely investigated in ESCC. Li et al. found that linc-POU3F3, which is highly expressed in ESCC samples, contributes to the development of ESCC by interacting with EZH2 to promote POU3F3 methylation. 33 Zhang et al. also reported that lncRNA CCAT1, which shows significantly increased expression in ESCC, could serve as a scaffold for two distinct epigenetic modifications that facilitate cell growth and migration. 34 These results indicate that lncRNA may affect the regulation of epigenetics. In this study, we identified 449 non-coding genes that were closely implicated in the nucleosome assembly bioprocess, which may provide a novel therapeutic target for ESCC.
According to the Cox model of the clinical cohort, age and adjuvant therapy are two independent prognostic factors. Advanced age as a prognostic factor for surgery outcome remains controversial. Some studies have shown that the risk of mortality after esophagectomy is strongly related to patient age and performance status, with poorer long-term survival among elderly patients. 35 However, Alibakhshi et al. reported that esophagectomy outcomes in elderly patients were not significantly different than in young patients. 36 The effect of age may be related to comorbidities rather than age itself. The prognosis for ESCC patients with ≥ T2 or N + after surgery alone is poor and the 10-year survival rate in stage 1b after surgery is only 50%. 37 Thus, adjuvant therapy is recommended, including neoadjuvant or perioperative chemotherapy, radiotherapy, or chemoradiotherapy for ≥ T2 esophageal cancer patients. 38 Two logistic regression modeling approaches were used to predict outcomes after surgery, one based exclusively on clinical variables, and the other integrating prognostic gene variables with clinicopathologic characteristics. We identified a "2-gene score," of lncRNAs and independent prognostic factors. The combination of 2-gene score with clinical and pathological features shows better specificity and sensitivity than the clinicopathologic parameters alone for outcome prediction.
Nomograms have been developed to predict prognosis in some cancers, and have proven more accurate than conventional staging systems, such as TNM stage. However, few studies have integrated gene expression profiling and clinical variables to predict outcomes after surgery. The predictive accuracy of the nomogram combination the "2-gene score" and clinical features was higher than the nomogram based exclusively on clinical variables. The calibration plot of the combined nomogram for the probability of survival at three or five years showed greater agreement than that of the clinical nomogram. The 2-gene score may more accurately reflect tumor biology than clinicopathologic parameters alone and may enhance the ability to predict outcomes in ESCC patients treated by surgery.
Some limitations of this study should be taken into consideration. The heterogeneity of the tumor samples presents difficulties in detecting the expression of two lncRNAs (RP11-357H14.20 and RP11-768G7). The nomogram that was constructed using this one dataset should be validated in another cohort.
In conclusion, the combined nomogram proposed in this study objectively and accurately predicted the prognosis of ESCC patients after surgery. Additional studies are required to determine whether it can be applied in a clinical setting.
